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Abstract: Metamaterial absorbers display potential applications in the field of photonics and have 
been investigated extensively during the last decade. We propose a dual-band resonant metamaterial 
absorber with right-angle shaped elements (RAEs) in the terahertz range based on numerical 
simulations. The absorber remains insensitive to a wide range of incidence angles (0° – 70°) by 
showing a minimum absorbance of ~80% at 70°. Furthermore, the proposed absorber is highly 
independent on any state of polarization of the incidence electromagnetic wave due to the high 
absorbance, i.e., greater than 80%, recorded for the considered polarization states. To further 
comprehend the slight variations in absorbance as a function of change in the angle of incidence, the 
impedance of the structure has been critically examined. The metamaterial absorber is simple in 
design, and we provide a possible path of fabrication. 
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1. Introduction 
The recent surge in the study of terahertz-based 
metamaterials is due to their unusual 
electromagnetic (EM) behavior [1, 2] and hence 
unique applications [3]. The unconventional 
properties of metamaterials emerge due to their 
negative refractive indices, which is impossible to 
be observed in naturally existing materials [4–6]. In 
recent time, metamaterial absorbers are introduced 
in different regions of the EM spectrum, e.g., 
infrared [7], visible [8], and microwave ranges [9]. 
Typically, a metamaterial absorber should either 
give high absorbance at a specific frequency or at a 
given range of frequencies [10]. Therefore, both 
reflection and transmission should be minimum at 
that specific or range of frequencies. A minimum 
value for the reflection and the transmission can be 
achieved by impedance matching approach of the 
structure [11]. A typical expectation of an ideal 
absorber is its ability to render 100% absorbance at a 
wide range of both incidence and polarization angles 
of an incidence EM wave [12]. Many metamaterial 
absorbers with different designs and performances, 
for example, electric resonators [13], arrays [14], 
thin wire-crossed [15], crossed-shaped for bio 
sensing [16], bilayer [17], circular-sectors [18], 
metal groove features [19], slotted sectors [20], 
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ultrathin [21], dual-band [22–24], and triple-band 
absorbers [25, 26], have been studied. In addition, 
numerous methods are applied to control or vary the 
absorbance of the metamaterial device, e.g., those in 
[8, 27–31]. Generally, from the application point of 
view, the frequency region of interest lies in 
terahertz (THz) range due to the difficulty to get 
naturally existing resonant absorbers in this part of 
the EM spectrum [32]. Moreover, resonant 
metamaterial absorbers in the THz range are 
relatively easy to be manufactured due to their 
relatively large sizes in the micrometer range. The 
applications of resonant metamaterial absorbers 
include civilian and military products in the form of 
thermal detectors or coating layers [3, 33, 34]. 
One of the challenges for designing or 
fabricating a metamaterial absorber is to keep a 
relatively high absorbance with respect to the 
change in incidence as well as polarization angles 
within a certain range of frequencies [35]. Herein, 
we propose a design of a dual-band metamaterial 
absorber in the terahertz range based on finite 
element method simulations. The absorbance 
approaches unity at two resonant frequencies of  
2.71 THz and 4.17 THz. The structure provides a 
higher absorbance (~80%) in a wide range of 
incidence angles (0° – 70°) for both TE and TM 
modes than some earlier reported dual-band 
absorbers [36–40]. Moreover, the absorber displays 
a relatively high insensitivity (with absorbance 
greater than 80%) at all angles of polarization 
between 0° and 90° of the incidence EM wave. 
However, the slight variations observed in both the 
absorbance and the resonant frequencies with 
respect to the angle of incidence have been analyzed 
by adopting the impedance matching approach. The 
proposed absorber is simple in design which consists 
of right-angle shaped elements at a top surface and a 
metallic layer of aluminum (Al) at the bottom. The 
right-angle shaped elements (RAEs) assist to 
enhance the charge storing ability of the structure by 
aligning a large amount of charges in the direction 
of the field, which eventually induces high 
absorption within the structure. The two metallic 
parts of the device are separated by a layer of 
dielectric TiO2. Finally, the use of Al and TiO2 in the 
design indicates an easy route of manufacturing the 
absorber. This is due to the fact that both Al and 
TiO2 are commonly used materials in most 
fabrication processes. 
2. Design and theory 
A design of the metamaterial absorber with its 
optimized parameters is shown in Fig. 1. Four RAEs, 
which appear in a yellow color at the top, are made 
of aluminum (Al) with an optimized thickness of 
100 nm. The RAEs are aligned in such a way that the 
state of polarization of an incidence THz wave has a 
minimum effect on the performance of the absorber. 
A layer of Al with the thickness of 200 nm is placed 
at the bottom of the device to avoid any possible 
transmission of energy through the structure. The 
two metallic parts, RAEs and Al layer, are separated 
by a 2 µm layer of a dielectric TiO2. A plane wave 
with a wave vector k is incident on the structure in a 
























Fig. 1 Schematic diagram of the designed metamaterial 
absorber. The optimized parameters of RAEs are the following; 
a = 15 µm, c = 7 µm, and d = 1 µm. The thickness of the whole 
device is 2.3 µm. A plane wave with a wave vector k is 
propagating along the negative z-axis incidents at the structure 
with an incidence angle of Ω. E and B are electric and magnetic 
fields, respectively, which are perpendicular to k. The 
thicknesses of TiO2 and Al layers are 2 µm and 200 nm, 
respectively. 
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between k and the normal to the surface. E and B 
represent electric and magnetic fields, respectively. 
The dimension of the device, length (L) × width (W), 
is 36 µm × 36 µm. The used materials, Al and TiO2, 
have large values of the imaginary part of refractive 
index in the terahertz region [41, 42], which is an 
indication of high absorbance. The material 
properties, e.g., optical permittivity, of Al and TiO2 
are used from the Lorentz-Drude model [43] and 
DeVore 1951 [44], respectively. 
In principle, for a perfect absorber, reflection 
and transmission should be zero. Therefore, the 
absorbance reaches the maximum at a resonance 
frequency of interest, e.g., A = 1 – R – T, where A, R, 
and T represent absorbance, reflection, and 
transmission, respectively. The R becomes zero if 
the impedance of the structure Z is equal to the 
impedance of the free space. The transmission T 
needs to be minimum to maximize the absorbance at 
the resonant frequency. Hence, to set T to zero, the 
design makes use of the second layer of Al with the 
thickness greater than the skin depth (∼35 nm) of the 
incident THz radiation. The impedance Z of the 
structure can be calculated from the S-parameters 
[45]. The impedance is extracted from the calculated 
scattering parameters by using the following 
expression: 
2 2 1/ 2
11 11( ) [(1 ) /(1 ) ]Z S Sω = + −        (1) 
where S11 is the reflection coefficient, and ω is the 
angular frequency [22]. In Fig. 2, the real and the 
imaginary parts of the relative impedance are plotted 
as a function of frequency (2 THz – 5 THz). The 
incidence EM wave is polarized along the 
y-direction. In the real part, two peaks appear at 
resonant frequencies of 2.71 THz and 4.17 THz. 
Similarly, a rapid change is observed in the 
imaginary part at the same values of frequency. At 
the resonant frequency, the real part approaches a 
maximum value, for example, 3 and 1 for 2.71 THz 
and 4.17 THz, respectively. For an ideal absorber, 
the real part of Z should be 1 at a resonant frequency. 
The deviation of impedance value at 2.71 THz from 
an ideal value 1 affects the performance of the 
absorber within a range of incidence angles, which 
will be discussed later. The imaginary part of Z 
approaches zero at a resonant frequency. 
 



























Fig. 2 Plot of the real and imaginary parts of the relative 
impedance showing dual resonances at 2.71 THz and 4.15 THz. 
3. Simulations and results 
A whole unit cell, as shown in Fig. 1, is 
simulated by employing a finite element method 
(COMSOL Multiphysics). We apply a periodic port 
at the top of the structure in the xy-plane for the 
excitation of the EM plane wave that is propagating 
in the negative z-axis direction (see the axis in   
Fig. 1). The angle of incidence with respect to the 
normal of the surface is Ω and the electric field E is 
oriented either in the x- or y-axis direction. The used 
conductivity value of Al is 37 × 106 S/m. The 
S-parameters S11
2 and S21
2, which are reflection and 
transmission coefficients, respectively, are 
calculated. The transmission coefficient S21
2 is zero 
due to the metallic layer that is placed at the bottom 
of the structure. Reflection as a function of 
frequency in a range of 2 THz – 5 THz is plotted in 
Fig. 3. At two resonant frequencies, 2.71 THz and 
4.17 THz, reflection tends to approach zero. For a 
normal incidence angle (Ω = 0°), the reflection 
values are 0.06 and 0 for 2.71 THz and 4.17 THz, 
respectively. A small difference in R is due to the 
impedance mismatch at this value of Ω, and we will 
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discuss it later. Nevertheless, Figure 3 already 
indicates an impressive response of the designed 
dual-band metamaterial in the THz region. 
 














Ω = 0° 
 
Fig. 3 Reflection S11
2 in a terahertz range of 2 THz – 5 THz. 
The angle of incidence Ω of EM plane wave is 0°. 
To evaluate the performance of the proposed 
metamaterial absorber under an incidence EM field 
E, both the intensity |E|2 and the Poynting vectors or 
energy flux are analyzed in the near surroundings of 
the structure. Intensity and Poynting vectors (white 
arrows) in Fig. 4(a) are plotted for the resonance 
frequency at 2.71 THz whereas Fig. 4(b) represents 
the results at 4.17 THz. The field E is polarized 
along the y-axis (TE mode). Most of the energy is 
accumulated in the gap along the x-axis between 
upper and lower pairs of RAEs, which is indicated 
by the pink colored ellipse in the figure. It is 
interesting to notice the direction of flow of energy 
as depicted by the Poynting vectors on the metallic 
RAEs. The length of arrows represents the 
magnitude of the energy flux. The longer arrows are 
settled in the gap (in the center) along the x-axis. 
The phenomenon indicates a general behavior of the 
resonator wherein a huge amount of energy is stored 
in the tiny spaces. However, it is noticeable in   
Fig. 4(b) that the magnitude of the Poynting vectors 
is lower than that in Fig. 4(a). The reason could be 
that at 4.17 THz, most of the energy is accumulated 
in the gap rather than those in the metallic parts. In 
Figs. 4(c) and 4(d), current densities are plotted for 
2.71 THz and 4.17 THz, respectively. Small white 
arrows represent the nature of charges, i.e., positive 
or negative. It is observed that for the TE mode of a 
plane wave, almost all charges are settled inside the 
gap along the x-axis (white color ellipse). However, 
in Fig. 4(d) at 4.17 THz, charges are gathered fairly 
in the central part. Furthermore, it is interesting to 
notice from the direction of the arrows that charges 
are arranged in the opposite direction in Figs. 4(c) 
and 4(d), e.g., arrows point upward for 2.71 THz and 
downward for 4.17 THz. Similar results can be 
observed for a TM mode where the Poynting vectors 
and the current density are arranged along the y-axis 
direction. In general, the structure behaves 
uniformly well under the influence of x or y 
polarized incident EM plane wave. This impressive 
performance is a manifestation of the structure’s 
insensitivity to both TE and TM modes. The 
right-angle shaped elements enhance the charge 
storing ability of the structure by aligning the 
charges in the direction of the field, which 
eventually induces a high absorption within the 
structure. The design of the structure is simple, the 
micro-gaps between the RAEs which gather the 
charges, are aligned only along the vertical and 
horizontal directions [46, 47] and hence are 
relatively easy to be manufactured in practice 
contrast to the complicated structures (e.g., round 
shaped microfeatures). 
A perfect absorber provides 100% absorbance 
with respect to any angle of incidence and state of 
polarization of an EM wave [10]. However, minor 
fluctuations in absorbance and frequency usually 
occur in a typical absorber. Therefore, a good 
absorber must provide a relatively high absorbance 
with the minimum variations [35]. Herein, we 
calculate the absorbance for different incidence 
angles for TE and TM modes. The results are shown 
in Fig. 5. In Fig. 5(a), the incidence field is polarized 
along the y-axis, and in Fig. 5(b), the field is 
polarized along the x-axis. In both cases, the range 
of angles Ω is 0 – 70 °. The angle Ω is defined as an 
angle between the wave vector k and the normal to 




Fig. 4 Distribution of Poynting vectors (white arrows) in (a) 
and (b) in near surroundings of the structure. In (c) and (d), 
current density (white arrows) is plotted. The color bar 
represents the intensity and charge distribution magnitude. Only 
the TE case is considered. 
the surface in the plane of incidence. At resonant 
frequencies of 2.71 THz and 4.17 THz, two 
absorbance peaks are noticed. For the TE mode at 
2.71 THz, the absorbance value is ~90% for all the 
angles of incidence. A slight change in the 
absorbance is observed as a consequence of 
impedance mismatch, which will be discussed into 
details later. At the resonant frequency of 4.17 THz, 
the absorbance achieves a maximum value of 100% 
at angles 0° – 40 °. However, the absorbance value 
drops to ~80% at Ω = 70°. In Fig. 5(b), for the TM 
case, the absorbance approaches 100% at 2.71 THz 
for Ω = 60° and 70°. The overall absorbance is more 
than 90% for Ω = 0° – 70°. Also, the absorbance is 
~90% for all angles of incidence at 4.17 THz. 
Therefore, in general, the absorber is insensitive to a 
wide range of incidence angles Ω = 0° – 70°. In Figs. 
5(a) and 5(b), we observe a slight shift in frequency, 
however, a maximum shift from 2.71 THz at 70°   
is comparable with the spectral resolution       
(c.a. 0.03 THz or 1 cm−1) of a typical terahertz time 
domain spectrometer [48]. The right-angle shaped 
elements enhance the charge storing ability of the 
structure by aligning density of charges in the 
direction of the field, hence inducing a high 
absorption within the structure (see Fig. 4). In other 
words, almost all the field entering the structure is 
used in the driving and perfectly alignment of 
charges within the structure. In addition, the electric 
and magnetic fields at the selected wide range of 
angles remain almost unchanged due to the 
symmetric nature of the device, which illustrates the 
physical mechanism of the observed high 
absorbance by the proposed metamaterial device. 
Further evidence of the mechanism is verified by 
Fig. 5 wherein the absorbance is high for a range of 

























































Fig. 5 Absorbance for an incidence range of angle 0° – 70°. 
In Fig. 5(a), absorbance is plotted for a TE mode of an incidence 
EM wave, and in Fig. 5(b), absorbance is plotted for a TM mode. 
In both cases, the incidence field E is demonstrated inside the 
figures. 
For a perfect absorber at a resonant frequency, 
real and imaginary parts of impedance should 
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approach 1 and 0, respectively. However, due to the 
change in the angle of incidence with respect to the 
structure, the variation in absorbance appears that 
corresponds to the impendence mismatch. To 
understand this occurrence of change in absorbance, 
the real and the imaginary components of the 
relative impendence Z are calculated. The results, 
only for the TM mode at 2.71 THz, are shown in  
Fig. 6. The real part (red circles) approaches 1 (black 
color dotted horizontal line) at large incidence 
angles of EM wave, e.g., 60° and 70°. Likewise, the 
imaginary part (green circles) approaches zero 
towards large angles. This behavior of impedance 
indicates that the absorbance should be maximum at 
60° and 70°, which indeed is true as shown in    
Fig. 5(b). Therefore, the observed change in the 
absorbance as a function of an angle of incidence is 





















Fig. 6 Real and imaginary parts of relative impedance as a 
function of an angle of incidence for a TM mode at 2.71 THz. 
To investigate the performance of the 
metamaterial absorber for different states of 
polarization of the incidence EM wave, we calculate 
the absorbance as a function of polarization angle α. 
The results are presented in Fig. 7. α is defined as an 
angle between the electric field E and x-axis, and it 
is demonstrated by the insert of Fig. 7. Due to the 
symmetric nature of the structure, the absorbance is 
calculated only for a range of α = 0° – 90° at an 
incidence angle of Ω = 0°. The absorbance is more 
than 80% for all polarization angles at 2.71 THz. 
Nevertheless, a clear variation in the resonant 
frequency (THz) can be seen for different values of 
α, which will be discussed in the next section. The 
absorbance is 100% at 4.17 THz for α = 0° – 90° 
which indicates that the absorber, in terms of 
absorbance, is independent for any state of 
polarization of the incidence EM wave. 
 


























Fig. 7 Absorbance for different polarization angles of α =  
0° – 90°. Inside the figure, the angle α is demonstrated. 
To analyze the observed shift in the resonant 
frequency in Fig. 7 for different polarization angles, 
we plot the frequency shifts of the absorbance peaks 
as a function of α. The results are shown in Fig. 8 for 
both resonant frequencies, 2.71 THz and 4.17 THz. 
In Fig. 8(a), we observe a maximum shift of    
0.08 THz at α = 45°. It is interesting to notice the 
behavior of the frequency shift from the resonant 
frequency. For example, the shift decreases as α 
increases from 0° to 45° and begins to increase at 
angles greater than 45° until it reaches a maximum 
value of 2.70 THz at 90°, which is almost equal to 
the resonant frequency 2.71 THz. This behavior of 
the frequency shift as a function of α emanates from 
the symmetric nature of the proposed structure 
consists of RAEs. To make this trend more visible, a 
fitted curve is plotted as well. A maximum shift of    
0.04 THz from the resonant frequency of 4.17 THz at  
α = 45° is observed in Fig. 8(b). Unlike Fig. 8(a),  
the frequency shift increases till 45° and  
afterwards deceases back to 4.17 THz at 90°,  
which again serves as an evident of the   
symmetric nature of the resonant absorber.   
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Despite the observed shift in frequency, the general 
response of the absorber in terms of absorbance is 
relatively high (80%) for any angle of   
polarization α. 
The manufacturing of the sample is not a part of 
this work; however, the proposed design is simple 
with size in the micrometer scale, which makes its 
fabrication relatively easy. In addition, due to the 
commercial availability of the used materials (Al 
and TiO2), it is possible to fabricate the metamaterial 
absorber by considering commonly applied 
nanofabrication techniques. For example, layers of 
Al and TiO2 [49] could be deposited by thermal 
evaporation and atomic layer deposition methods. 
The RAEs of Al at the top are achievable by 
employing the nanolithography technique. The 















































Fig. 8 Shift in frequency as a function of polarization angle α: 
(a) shift is plotted for a resonant frequency 2.71 THz while in  
(b) shift is plotted for 4.17 THz. To make the behavior of shifts 
more visible, a fitted curve is plotted as well. 
4. Conclusions 
In summary, we propose and analyze a 
dual-band metamaterial absorber in a terahertz 
region by numerical simulations. The absorber is 
insensitive to a wide range of incidence angles    
0° – 70° and keeps high absorption value ~80% for a 
TE and a TM mode of an incidence EM wave. 
Furthermore, the absorber due to its symmetric 
nature shows an absorbance that is more than 80% 
for all angles of polarization of a plane wave.    
We discuss the origin of variations in absorbance 
and frequency as a function of incidence        
and polarization angles. The proposed structure is 
simple in design and has a size in      
micrometers. Therefore, we present a       
possible fabrication route of manufacturing       
a device due to commercial availability of Al    
and TiO2. 
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